In response to increasing concerns about the potential impacts of energy sector greenhouse gas emissions, policy makers have supported various instruments to increase energy efficiency and reduce energy consumption. One such instrument is the voluntary Energy Star program which develops and promotes standards and labelling for energy efficient products, including residential appliances. This paper provides the results of a detailed evaluation of BC Hydro's Energy Star appliance program for its first twenty-six months of operation, using data from engineering field studies and time-series modelling. The paper has three main findings. First, the program resulted in the purchase of an additional 26,778 Energy Star refrigerators and an additional 32,452 Energy Star clothes washers. Second, the additional Energy Star refrigerators saved 1.6 GWh of electricity per year and the additional Energy Star clothes washers saved 6.1 GWh of electricity per year. Third, the additional Energy Star refrigerators reduced peak demand by 0.51 MW and the additional Energy Star clothes washers reduced peak demand by 1.91 MW.
Introduction
Many observers believe that anthropogenic greenhouse gas emissions, including carbon dioxide, are the major cause of medium-term climate change. Since about twothirds of greenhouse gas emissions are due to activities in the energy sector, reducing energy sector greenhouse emissions is viewed by many as critical in slowing the rate of increase in average global temperature. Policies aimed at reducing energy sector greenhouse gas emissions include reducing emissions from existing power generation facilities, developing new power generation sources with lower emissions, increasing energy prices to reduce energy consumption, and increasing end use energy efficiency.
Utilities, utility regulators, federal governments, state and provincial governments, and local and municipal governments in Canada and the United States have supported the voluntary Energy Star labelling program as one method of promoting the purchase and installation of energy efficient appliances and equipment. This support has included the development of appropriate standards and test procedures, advertising and other promotional activity, and financial incentives to reduce the initial cost of energy efficient appliances and equipment.
Studies of the development, scope and impacts of Energy Star include [1] - [22] . Despite the substantial size of this literature, few published studies have estimated the impact of financial incentives on the purchase and installation of Energy Star qualifying household appliances or the consequent impact on energy consumption using appropriate statistical modelling procedures. The purpose of this study is to help fill this gap by using appropriate engineering field measurement combined with appropriate time-series modelling to estimate the impact of a utility Energy Star residential appliance program. The paper makes two main contributions. First, it is one of the few published studies to use detailed engineering field measurements to estimate unit energy and peak demand savings from a residential appliance rebate program. Second, it is also one of the few published studies to use time-series modelling to estimate total energy and peak demand savings from a residential appliance program.
An overview of the paper is as follows. Section 2 summarizes the Energy Star Appliance program and presents the data and methods used, including summaries of the engineering field work and the statistical modelling. Section 3 presents the study results, including unit energy and peak demand savings and program-level energy and peak demand savings. Section 4 provides the study conclusions.
Data and Method

Program Description
BC Hydro's Energy Star Appliance program is a multiyear energy acquisition and market transformation program that encourages its residential customers to purchase and use energy-efficient Energy Star appliances.
The program's short-term objective is to acquire cost effective energy savings. The program's long-term objectives are to: (1) increase the market penetration of Energy Star qualifying household appliances and (2) drive future enhancements to energy efficient legislation for household appliances.
In 1992, the United States Environmental Protection Agency introduced the Energy Star labelling program as a voluntary initiative. The purpose of Energy Star is to identify and promote energy efficient products with the goal of reducing energy consumption and related carbon dioxide emissions. Table 1 summarizes some key dates in the evolution of Energy Star standards relevant to the residential sector. 
Economic Time Series Modelling
Consider the following general linear model
and where y is a T1 vector, X is a Tk matrix,  is a k1 vector,  is a T1 vector with   N(0,  2 I). Using E for the expectation operator and noting that E is 0 since the expectation of each of its components is zero, the sum of the squared errors is defined as S and the variance of the errors is then the expectation of S
S   = (y -X) (y -X) and E = 
The ordinary least squares (OLS) estimators of the vector of parameters  * and the variance of the errors  2* are found by minimizing the sum of the squared errors
Solving (4) for  * the estimated value of  yields the following expression for the OLS estimator
Economic modelling of time series data sometimes assumes that the error terms are independent between periods or that there is no auto-correlation. But in many cases, errors are correlated over time rather than independent, often due to persistent shocks reflecting the inertia of economic processes. Auto-correlated errors have three main consequences. First, although the estimated ordinary least squares (OLS) errors are unbiased, tests for the statistical significance of the parameters and the associated error bands are not correct. Second, OLS is no longer an efficient method of estimating parameters. Third, OLS is no longer an efficient method of forecasting future values of the dependent variable.
Suppose the errors are now given by the following first-order scheme
We assume that the absolute value of the parameter  is less than one, the u t are independently and identically distributed with variance  u 2 , and  t are generated by a stationary stochastic process beginning in the infinite past. This form of the errors is awkward to work with and the calculations can be simplified by expanding the previous expression by making successive substitutions for  t to yield:
where the sum runs over i = 0,1,…,. Using the assumptions on u t and the formula for the sum of a converging series gives the variance of  t as follows:
Finally, the covariance of  t with  t-i is needed, which is:
This gives all the variances and covariances in the variance-covariance matrix for  t . Since every term contains  u 2 , this common term can be extracted and the variance-covariance matrix can be written as follows:
If the value of  were known, the value of  could be found that minimizes this sum of squares as with for the ordinary least squares estimator to yield the generalized least squares estimator:
But since the value of  is not known, a maximum likelihood estimator can be used, which gives us consistent and asymptotically efficient estimates of the parameters. Start by formulating the likelihood function in the usual way and taking its log which yields:
This expression can be simplified by partially maximizing with respect to () and  u 2 () which, noting that these expressions are functions of , yields the simpler concentrated likelihood function:
Maximizing this function with respect to  is then a relatively straightforward numerical estimation problem, using, for example, the method of Gauss-Newton.
Unit Energy and Peak Demand Savings
Unit energy and peak demand savings per appliance were estimated using standard engineering methods following the International Performance, Measurement and Verification Protocol (IPMVP). 
For this project, field measurement consisted of fifteen minute interval energy use data for refrigerators and clothes washers, as well as for other major end uses not reported on in this study. Data was collected for forty residential dwellings for a period of thirteen months. The sample of dwellings was randomly chosen from a frame of households which had participated in the Residential End Use Survey and agreed to participate in further end use research. Most electric and gas utilities use relatively short periods of field data collection, often just two weeks to four weeks, but because energy use in this jurisdiction exhibits significant seasonality it was viewed by the evaluation team as preferable to collect information for thirteen months so that annual load shape profiles could be readily established.
Five visits were undertaken at each of the forty residential dwellings in the sample. During the initial visit: (1) a survey of customer energy use and behaviours was undertaken; (2) a comprehensive inventory of energy using appliances was undertaken; and (3) meters were installed. Second, third and fourth visits were undertaken at approximately three-month intervals to download data and ensure that meters and data loggers were working appropriately. During the fifth visit, (1) the last three months of data was downloaded; (2) exit surveys were administered; and (3) the meters were removed. The metered data was cleaned and various statistics were estimated, including average energy and peak demand data. Since the utility is located in a space heating climate, the peak period was defined as 16:00 hours to 20:00 hours on an average winter week-day.
Program Energy and Peak Demand Savings
Program energy savings were estimated using algorithm (13) , where ΔGWh i is monthly program energy savings for appliance i; Total Units i is the total number of program induced appliances per month; Share i is the share of appliance i in the total; and Unit Energy i is annual unit energy savings for appliance i.
ΔGWh i = Total Units i · Share i · Unit Energy i
Program demand savings were estimated using algorithm (15) , where ΔMW i is peak demand program energy savings for appliance i; Total Units i is the total number of program induced appliances per month; Share i is the share of appliance i in the total; and Unit Peak Demand i is peak demand savings for appliance i.
ΔMh i = Total Units i · Share i · Unit Peak Demand i (14)
Appliance Sales Impact Model
The following monthly econometric model (16) 
Results
Energy Star Appliance Sales
Time-series regression models were used to estimate the impact of the Energy Star Appliance program on appliance sales. To explore the impact of the level of aggregation across appliance types on estimated program impact, three time-series regression models were estimated: (1) a combined sales model; (2) a refrigerator sales model and (3) a clothes washer sales model. Each of the next three tables follows the same format. The first column lists the variables in the model. The second column shows the values of the estimated regression coefficients as well as the values of the adjusted R-squared, the Durbin-Watson statistic and the F statistic. The third column shows the values of the estimated regression coefficients as well as the value of the estimated first-order auto-correlation corresponding to the Durbin-Watson statistic. The fourth column shows the significance of the t-value for the regression coefficients as well as the significance of the F statistic. Table 3 provides the results for the model of the combined sales of Energy Star qualifying refrigerators and clothes washers. The regression says that the presence of the Energy Star Appliance program increases sales of Energy Star qualifying refrigerators and clothes washers by 2355 units per month, and that an increase in the wage rate or an increase in housing starts increases sales of Energy Star qualifying refrigerators and clothes washers. The regression diagnostics are all adequate: the adjusted R-squared value is 0.66, auto-correlation is not a major issue, and the regression is significant at the 0.01% level based on the F-test. Table 4 provides the results for the model of the sales of Energy Star qualifying refrigerators. The regression says that the presence of the Energy Star Appliance program increases sales of Energy Star qualifying refrigerators by 1989 units per month, and that an increase in the wage rate or an increase in housing starts increases sales of Energy Star qualifying refrigerators. The regression diagnostics are all adequate: the adjusted Rsquared value is 0.76, auto-correlation is not a major issue, and the regression is significant at the 0.01% level based on the F-test. Table 5 provides the results for the model of the combined sales of Energy Star qualifying clothes washers. The regression says that the presence of the Energy Star Appliance program increases sales of Energy Star qualifying clothes washers by 367 units per month, and that an increase in the wage rate or an increase in housing starts increases sales of Energy Star qualifying refrigerators and clothes washers. The regression diagnostics are all adequate: the adjusted R-squared value is 0.52, auto-correlation is not a major issue, and the regression is significant at the 0.01% level based on the Ftest. After reviewing the regression results for the three models, it was agreed that it was appropriate to use the results of the combined model for further analysis, because of the superior statistical properties of Model 1 compared to Models 2 and 3. For Model 1, total program influenced sales of 2355 units was disaggregated between refrigerators and clothes washers based on their shares of program incented units. Table 6 provides the estimated energy savings for Energy Star refrigerators and clothes washers. Energy savings for each appliance is the product of total units per month (from regression Model 1), the specific appliance share of the total (from program data on incentive shares), number of months of program operations examined (from the program data) and unit energy savings (from the measurement and verification field work). Over the twenty-six months evaluated, the program resulted in purchase of an additional 26,778 Energy Star refrigerators which saved 1.6 GWh of electricity per year and purchase of an additional 32,452 Energy Star clothes washers which saved 6.1 GWh of electricity per year. Table 7 provides the estimated peak demand savings for Energy Star refrigerators and clothes washers. Peak demand savings for each appliance is the product of total units per month (from regression Model 1), the specific appliance share of the total (from program data on incentive shares), number of months of program operations examined (from the program data) and unit peak demand savings (from the measurement and verification field work). Over the twenty-six months evaluated, the program resulted in purchase of an additional 26,778 Energy Star refrigerators which saved 0.51MW of electricity per year and purchase of an additional 32,452 Energy Star clothes washers which saved 1.91 MW of electricity at system peak. 
Energy Savings
Peak Demand Savings
Conclusion
Many observers believe that anthropogenic greenhouse gas emissions are the major cause of medium-term climate change. In North America, the energy sector is responsible for two-thirds of greenhouse gas emissions, and increasing end use energy efficiency is one of the main policy instruments to reduce them. The purpose of the voluntary Energy Star program is to identify and promote energy efficient products with the goal of reducing energy consumption and related carbon dioxide emissions. This paper provides the results of a detailed evaluation of BC Hydro's Energy Star appliance program for its first twenty-six months of operation, using data from engineering field studies and time-series modelling.
The paper has three main findings. First, the program resulted in the purchase of an additional 26,778 Energy Star refrigerators and an additional 32,452 Energy Star clothes washers. Second, the additional Energy Star refrigerators saved 1.6 GWh of electricity per year and the additional Energy Star clothes washers saved 6.1 GWh of electricity per year. Third, the additional Energy Star refrigerators reduced peak demand by 0.51 MW and the additional Energy Star clothes washers reduced peak demand by 1.91 MW.
